Alzheimer's disease (AD) is a neurodegenerative disorder characterized by progressive memory loss, spatial disorientation, cognitive dysfunction, and behavioral changes. The primary risk factor for sporadic AD is aging, with prevalence roughly doubling every 5 yr after age 65. Approximately one-third of individuals aged 85 and older have AD ([@B1]). The major genetic risk factor for late-onset AD is a variant in the apolipoprotein E (*APOE*) gene called *APOE4*.

The human *APOE* gene contains several single nucleotide polymorphisms that result in 3 common APOE isoforms: APOE2, -3, and -4. Approximately 65--80% of all individuals who develop AD carry at least 1 *APOE4* allele, a characteristic observed in ∼25% of the global population ([@B2]). Compared with individuals who have no *APOE4* alleles, having 1 *APOE4* allele increases AD risk 2--3-fold; carrying 2 *APOE4* alleles increases risk as much as 15-fold ([@B3]). However, having an *APOE4* allele does not necessarily mean that a person will develop AD. Some individuals with an *APOE4* allele never get AD, and others who do develop AD do not have any *APOE4* alleles ([@B4]). Although the presence of the *APOE4* allele poses a significantly higher risk for AD and cognitive impairment later in life, it is associated with improved cognition and intelligence in early life, suggesting that the *APOE4* allele is an example of antagonistic pleiotropy ([@B5][@B6]--[@B7]).

APOE is widely distributed in both peripheral and brain tissue, where it participates in lipid and cholesterol transport *via* an LDL receptor-mediated mechanism. Peripheral APOE, which is synthesized primarily in the liver, regulates lipid and cholesterol transport to tissues, and participates in reverse cholesterol transport in plasma. In peripheral tissues, the isoforms of APOE have various effects on lipid metabolism. The APOE3 isoform, considered the benchmark of normal lipid homeostasis, is the standard by which other isoforms are compared. The APOE2 isoform is associated with increased APOE protein expression, increased plasma triglycerides, and decreased plasma cholesterol. The APOE4 isoform is associated with decreased APOE protein expression and increased plasma cholesterol. Brain APOE, which is synthesized primarily by astrocytes, regulates lipid and cholesterol transport to neurons. In the brain, APOE2 and -3 isoforms accumulate in neurons 2--4-fold higher than APOE4, rendering APOE4 less effective at performing its function in the brain ([@B8]).

PATHOLOGIC HALLMARKS OF ALZHEIMER'S DISEASE {#s1}
===========================================

The pathologic hallmarks of AD include extracellular amyloid-β plaques, intracellular neurofibrillary (tau) tangles, and reduced glucose uptake in the brain ([**Fig. 1**](#F1){ref-type="fig"}). A summary of these hallmarks provides a framework for understanding the disease processes that drive the progression of AD.

![Hallmarks of AD. AD is associated with decreased GLUT1 transporters and glucose uptake, tau tangles inside of neurons, and amyloid-β plaques in the extracellular space between neurons. Both tau tangles and amyloid-β plaques disrupt neuronal synaptic transmission. These 3 key pathologies lead to progression of AD.](fj.201801412Rf1){#F1}

Extracellular amyloid-β plaques {#s2}
-------------------------------

Normal aging is associated with the accumulation of reactive oxygen species and inflammation in brain tissue, leading to activation of microglial cells, the brain's resident immune cells. Microglial cells serve an essential role in maintaining brain microenvironment homeostasis. Their activation in the acutely injured brain modulates inflammation and neurotoxicity. In the setting of AD, however, microglial cells are chronically activated by the presence of a 42-aa peptide called amyloid-β42, which results from the cleavage of the full-length amyloid-β protein ([@B9]). Chronic microglia activation promotes the production of amyloid-β plaques and initiates a vicious cycle of sustained microglial activation and further production of amyloid-β42 ([@B10]). The aggregation of amyloid-β plaques outside of neurons disrupts and destroys synapses between neurons, inhibiting synaptic transmission and inducing neuronal cell death and neurite retraction associated with AD ([Fig. 1](#F1){ref-type="fig"}).

Amyloid-β plaques are cleared from the brain primarily through the glymphatic system and, to a lesser degree, *via* an APOE-mediated mechanism. The glymphatic system is activated in sleep, during which cerebrospinal fluid diffuses into the brain and carries away waste products including amyloid plaques ([@B11]). Poor quality or insufficient sleep prevents glymphatic system activation and leads to greater amyloid plaque accumulation, particularly in *APOE4*-positive individuals who are unable to clear amyloid peptides *via* APOE receptor-mediated uptake ([@B12]). In APOE-mediated clearance, APOE binds to amyloid-β42 peptide and clears it out of the extracellular space between neurons *via* the APOE receptor. The APOE4 isoform, however, is unable to clear amyloid-β plaques from the brain because it binds to amyloid-β42 peptide with 20-fold lower affinity than APOE3 ([@B13]).

Intracellular neurofibrillary tangles {#s3}
-------------------------------------

Whereas amyloid-β aggregates outside of neurons, tau, a microtubule-associated protein, aggregates and forms neurofibrillary (tau) tangles inside the neurons in the brains of individuals with AD ([Fig. 1](#F1){ref-type="fig"}). When tau tangles form, the microtubules inside the axon lose stability, thus disrupting the primary system for transporting mitochondria, lipids, and cellular metabolites ([@B9]). Cellular energy is thereby reduced, and new synapse formation is halted, resulting in impaired memory, an early hallmark of AD. Eventually, energy levels are insufficient to maintain previously formed synapses, leading to long-term memory deficits, neuronal cell death, and brain atrophy, which are all associated with AD.

Reduced brain glucose uptake {#s4}
----------------------------

Brain glucose uptake and metabolism are impaired in AD ([Fig. 1](#F1){ref-type="fig"}) ([@B14]). Metabolic profiling indicates that a subtype of AD specifically associated with the *APOE4* variant is associated with decreased brain glucose utilization ([@B15]). Carriers of 1 or 2 *APOE4* alleles demonstrate decreased brain glucose uptake decades before manifesting clinical features of AD, and individuals with sporadic AD demonstrate decreased brain glucose uptake and increased amyloid plaque deposition comparable to that observed in individuals with autosomal dominant AD mutations, such as amyloid precursor protein, presenilin-1, or presenilin-2 ([@B16], [@B17]).

Glucose enters the brain solely *via* glucose transporters (GLUTs) resident at the blood--brain barrier (BBB). Brain glucose metabolism is tightly regulated, and neurons are incapable of glucose synthesis or storage. The major GLUTs in the brain are GLUT1 and -3, which do not depend on insulin for glucose uptake and are not insulin sensitive ([@B16], [@B18]). Both GLUT1 and -3 are markedly decreased in the brains of patients with AD carrying an *APOE4* allele, compared with healthy individuals without an *APOE4* allele ([@B18][@B19]--[@B20]). In mice, GLUT1 deficiency decreases brain glucose uptake and promotes greater accumulation of amyloid plaques, decreases amyloid clearance, and causes widespread neuronal loss and dysfunction consistent with AD ([@B21]).

Impaired brain glucose uptake also plays a causal role in formation of tau tangles. Decreased brain glucose uptake impairs attachment of *O*-linked *N*-acetylglucosamine (*O*-GlcNAcylation), a post-translational modification of tau protein, leading to tau hyperphosphorylation and subsequent formation of tau tangles ([@B22][@B23]--[@B24]). A possible explanation for the increase in hyperphosphorylated tau in the setting of decreased brain glucose metabolism may be low levels of GLUT1 and -3 transporters. Decreased GLUT1 and -3 diminishes *O*-GlcNAcylation as much as 50% ([@B22], [@B25], [@B26]) and increases hyperphosphorylation of tau and the quantity of tau tangles in AD brains ([@B18]). Furthermore, hyperphosphorylated tau, which promotes formation of tau tangles, exhibits 4-fold less *O*-GlcNAcylation than nonphosphorylated tau in the brains of individuals with AD ([@B25]). These data suggest that normal glucose transport into the brain is dependent on GLUT1 and -3 transporters and may be instrumental in preventing hyperphosphorylation of tau protein, the formation of tau tangles, and subsequent development of AD.

DHA INFLUENCES 3 KEY AD PATHOLOGIES {#s5}
===================================

Docosahexaenoic acid (DHA) is an essential ω-3 fatty acid that comprises ∼30% of the lipids in the human brain. Whereas low levels of DHA promote the 3 pathologies characteristic of AD, normal or high levels prevent or ameliorate them ([**Fig. 2**](#F2){ref-type="fig"}). Although DHA can be synthesized from plant-derived ω-3 fatty acids, this metabolic pathway is inefficient in humans. As such, most DHA in the human brain is supplied from marine dietary or supplemental sources ([@B27]). Supplementation with DHA reduces amyloid-β plaque production, aggregation, and toxicity, and promotes plaque clearance in individuals with moderate dementia and AD ([@B28][@B29]--[@B30]). Furthermore, DHA supplementation decreases tau tangles. Patients with AD who received ∼2 g of supplemental DHA for 6 mo exhibited decreased amounts of phosphorylated tau protein in cerebrospinal fluid ([@B31]), and nonhuman primates given DHA supplementation demonstrated decreased tau pathology ([@B32]). Finally, because DHA is an important component of cell membranes, it facilitates transport of glucose into the brain by regulating GLUT1 transporters ([Fig. 2](#F2){ref-type="fig"}). In rats, DHA deficiency decreases GLUT1 transporters by up to 30% ([@B33], [@B34]), but DHA supplementation increases GLUT1 transporters by 37% and causes endothelial cells to take up more glucose, compared with rodent and nonhuman primate controls ([@B35], [@B36]).

![DHA regulates brain glucose uptake, which prevents amyloid-β plaque and tau tangle formation. *A*) DHA in the brain increases GLUT1 at the BBB, facilitating glucose transport into the brain. Glucose is required for *O*-GlcNAcylation (GlcNAc) of tau protein, which prevents tau phosphorylation. *B*) Low DHA concentrations in the brain reduce GLUT1 transporter expression. Subsequently, less glucose is transported across the BBB, resulting in less GlcNAc of tau, which leads to increased tau phosphorylation and ensuing tau tangle formation. Decreased brain glucose also promotes amyloid-β plaque formation.](fj.201801412Rf2){#F2}

GENE-DIET INTERACTION: APOE4-DHA {#s6}
================================

Healthy diet and lifestyle factors such as sufficient micronutrient status, increased vegetable intake, adequate sleep, and physical activity decrease AD risk in individuals carrying an *APOE4* allele ([@B28][@B29]--[@B30], [@B37]). In contrast, unhealthy diet and lifestyle factors such as excessive alcohol consumption, low polyunsaturated fat intake, high saturated fat intake, and smoking increase AD risk among *APOE4* carriers ([@B38]). Dietary fish intake also slows the progression of AD in both *APOE4* carriers and noncarriers. Individuals with the *APOE4* allele who have high dietary intakes of fish or seafood demonstrate improved brain neuropathology on measures related to AD, including global AD pathology, neuritic plaque density, and AD diagnostic score ([@B39]). Patients with AD (both *APOE4* carriers and noncarriers) who were treated with a complex dietary and lifestyle protocol that included wild fish experienced a reversal of cognitive decline ([@B28], [@B40]). Dietary intake of fish had no effect in *APOE4* carriers in 2 studies, but those studies included \<1 serving of fish per week, which may not provide a high enough concentration of ω-3 fatty acids to the brain ([@B41], [@B42]).

The benefits of dietary fish intake on cognitive function in *APOE4* carriers have not been observed with DHA supplementation. Multiple studies demonstrate that supplementation with 2 g of DHA per day slows the progression of cognitive decline of AD in *APOE4* noncarriers, but has no effect in *APOE4* carriers ([@B43], [@B44]). In addition, the positive effects on brain neuropathology observed with high dietary fish intake in *APOE4* carriers are not observed with DHA supplementation in *APOE4* carriers ([@B39]). Furthermore, individuals with the *APOE4* allele do not clear amyloid-β plaques after DHA supplementation, and APOE4 impairs DHA transport into the brain, suggesting a possible gene-diet interaction ([@B45], [@B46]).

DHA is critical for preventing or ameliorating the 3 principal pathologies associated with AD. Individuals with *APOE4* have increased risk of developing AD and exhibit impaired DHA transport into the brain. Whereas dietary DHA improves AD pathology and reduces AD risk in both *APOE4* carriers and noncarriers, DHA supplementation improves AD pathology only in noncarriers. Discerning the mechanisms by which DHA is transported into the brain may be key to understanding the heterogeneous response to DHA supplementation and why the *APOE4* allele significantly increases AD risk.

I suggest that *APOE4* carriers respond to DHA from fish but not DHA supplements because fish contains DHA in phospholipid form, whereas supplements do not. This difference in form influences whether DHA is metabolized to nonesterified DHA (free DHA) or a specific phospholipid form called lysophosphatidylcholine DHA (DHA-lysoPC). I propose that APOE4 carriers have an impaired brain transport mechanism in free DHA (but not in DHA-lysoPC) that is related to a BBB defect and that puts them at an increased risk for AD because of the accumulation of amyloid β plaques, tau tangles, and low brain glucose levels. I enumerate dietary sources that have greater amounts of DHA in phospholipid form than do fish and suggest that these sources provide a means to increase plasma levels of DHA-lysoPC. Such an increase may allow *APOE4* carriers to bypass their defective transport of free DHA and effectively deliver DHA-lysoPC into their brains, thereby lowering their risk of AD.

DHA TRANSPORT INTO THE BRAIN {#s7}
============================

Even though DHA is abundant in the brain, neurons lack the ability to synthesize it, and although astrocytes are capable of synthesizing DHA from the plant ω-3 fatty acid α-linolenic acid, most DHA must be acquired in the diet and transported from the plasma across the BBB into the brain ([@B47]).

DHA is present in 2 major pools in plasma: *1*) as components of lipoproteins esterified to triacylglycerol, cholesteryl esters, or phospholipids, and *2*) bound to albumin, either as nonesterified free DHA or as esterified DHA-lysoPC ([@B48]). Approximately 45% of DHA in human plasma is present as free DHA bound to albumin, whereas the remaining 55% is esterified in DHA-lysoPC, most of which is bound to albumin ([@B49]). Albumin-bound free DHA and DHA-lysoPC are the only forms of DHA that are transported into the brain; however, they use different transport mechanisms ([**Fig. 3**](#F3){ref-type="fig"}). Free-DHA is transported across the outer membrane leaflet of the BBB *via* passive diffusion, and DHA-lysoPC is transported across the inner membrane leaflet of the BBB *via* the major facilitator superfamily domain-containing protein 2A (MFSD2A) ([Fig. 3](#F3){ref-type="fig"}) ([@B50][@B51]--[@B52]). MFSD2A is a transmembrane protein that is selectively found on endothelial cells that line blood vessels on the BBB ([@B50]).

![Transport of free DHA and DHA-lysoPC into the brain. Free DHA detaches from albumin in the plasma and is transported along the outer membrane leaflet of the BBB *via* passive diffusion. APOE3 produced in astrocytes plays a role in maintaining the tight junctions, which keep the outer membrane leaflet of the BBB intact. DHA-lysoPC detaches from albumin and is transported along the inner membrane leaflet of the BBB *via* the major facilitator superfamily domain-containing MFSD2A, which uses the electrochemical potential of sodium to transfer DHA-lysoPC into the brain.](fj.201801412Rf3){#F3}

DHA-lysoPC appears to be the brain's preferred source of DHA ([@B50]). Studies demonstrate that DHA-lysoPC accumulates by 10-fold higher amounts in the brains of young rats and piglets, compared with DHA in free fatty acid form ([@B53], [@B54]). After intravenous administration of DHA-lysoPC or free DHA, more DHA-lysoPC is transported into the brain than free DHA ([@B48], [@B50], [@B55], [@B56]). Mice engineered to lack the MFSD2A transporter have 60% less DHA in their brains, have small brains, and exhibit a variety of motor and cognitive deficits ([@B50]). Humans with a partial or total deficiency in the MFSD2A transporter have impaired brain function that progressively worsens with age, suggesting that DHA-lysoPC transport into the brain is important for maintaining brain function during the aging process ([@B57], [@B58]).

Plasma levels of phosphatidylcholine DHA, which is the precursor to DHA-lysoPC, predict the occurrence of dementia. Approximately 70% of all dementia cases are related to AD ([@B59]). Individuals with plasma phosphatidylcholine DHA levels in the highest quartile had a 47% lower risk of dementia than did those with levels in the lower 3 quartiles, independent of the *APOE4* allele ([@B59], [@B60]). In addition, low plasma lysophosphatidylcholine levels predicted a diagnosis of mild dementia and AD within 2--3 yr with 90% accuracy, independent of the *APOE4* allele ([@B61]). DHA levels in plasma phospholipids do not differ in *APOE4* carriers *vs.* noncarriers ([@B45]). These data suggest that low levels of phosphatidylcholine DHA and lysophosphatidylcholine both predict dementia and AD and that the presence of *APOE4* does not affect either of these.

IMPAIRED FREE-DHA TRANSPORT INTO THE BRAINS OF APOE4 CARRIERS {#s8}
=============================================================

Multiple studies demonstrate that APOE4 present in the brain causes a breakdown in BBB integrity, as evidenced by the disruption of tight junctions and decreased cerebral vascularization ([@B62][@B63][@B64]--[@B65]). APOE produced by astrocytes in the brain participates in maintaining the integrity of the tight junctions in the BBB by activating occludin (one of the main components of tight junctions) *via* an LDL receptor-related protein 1--mediated mechanism ([@B63]). However, APOE4 in astrocytes is unable to activate occludin, which leads to degradation of the tight junctions and breakdown of the outer membrane leaflet of the BBB ([@B63]). In addition, APOE4 in astrocytes induces breakdown of the BBB caused by microvascular degeneration, basement membrane degradation, and diminished pericyte coverage, all of which progressively worsen with age ([@B64], [@B65]). Furthermore, the basement membrane surface area is reduced in postmortem brains of *APOE4* carriers *vs.* *APOE3* carriers ([@B66]).

Free-DHA is highly diffusible across the BBB and does not require a transporter to enter the brain ([Fig. 3](#F3){ref-type="fig"}) because of its small size (\<500 D), low hydrogen bonding capability, and lipophilicity. It is transported across the outer membrane leaflet of the BBB *via* passive diffusion, which depends on the integrity of tight junctions and surface permeability, both of which are disrupted by APOE4 produced in astrocytes ([@B59], [@B61][@B62]--[@B63]). APOE4 also disrupts the passage of other lipophilic compounds that are highly diffusible across the BBB, such as diazepam ([@B59]). DHA transport into the brain is disrupted in APOE4 transgenic mice and in *APOE4* carriers ([@B45], [@B46]). However, which form of DHA transport, free DHA or DHA-lysoPC, is disrupted remains unknown. I propose that individuals who carry the *APOE4* allele have a defect in the transport of free DHA (but not DHA-lysoPC) into the brain because APOE4 causes degradation of tight junctions, which disrupts the outer membrane leaflet of the BBB, but not the inner membrane leaflet ([**Fig. 4**](#F4){ref-type="fig"}).

![APOE4 disrupts tight junctions and transport of free DHA into the brain. APOE4 produced in astrocytes promotes degradation of the tight junctions and breakdown of the outer leaflet of the BBB, which disrupts the transport of free DHA. APOE4 also causes breakdown of the BBB caused by microvascular degeneration, basement membrane degradation, and diminished pericyte coverage. DHA-lysoPC is carried across the BBB *via* the MFSD2A transporter, which transfers it to the inner membrane leaflet membrane of endothelial cells lining the BBB, allowing DHA-lysoPC to bypass the tight junction defect on the outer membrane leaflet between endothelial cells and to be transported into the brain.](fj.201801412Rf4){#F4}

The effect of APOE4 produced in astrocytes on impaired transport of DHA and other compounds that are readily transported into the brain *via* passive diffusion progressively worsens with age ([@B46], [@B64]). This aligns with evidence indicating that the aging process breaks down the integrity of the BBB and disrupts cerebral vascularization similar to the *APOE4* allele ([@B67]). DHA supplementation does not improve cognitive function in older individuals with *APOE4* but does in young *APOE4* carriers ([@B43], [@B68], [@B69]), perhaps because, in younger *APOE4* carriers, sufficient free DHA is transported into the brain to positively affect cognitive function; however, as the BBB deteriorates with age, insufficient free DHA is transported into the brain and cognitive function is impaired.

DHA-lysoPC is another form of DHA that is transported into the brain. Its transport may provide a potential bypass for the BBB defect in *APOE4* carriers because in contrast to free DHA transport, DHA-lysoPC is transported through the inner membrane leaflet of the BBB and does not depend on tight junctions, which are disrupted by APOE4 produced in astrocytes ([Fig. 4](#F4){ref-type="fig"}). DHA-lysoPC is transported *via* the MFSD2A transporter, which uses the electrochemical potential of sodium to transfer DHA-lysoPC across the BBB ([Fig. 4](#F4){ref-type="fig"}). Once DHA-lysoPC reaches the BBB, it detaches from albumin and binds to Mfsd2a, which then transfers it to the inner membrane leaflet of endothelial cells lining the BBB ([Fig. 4](#F4){ref-type="fig"}). This transfer allows DHA-lysoPC to bypass the tight junctions on the outer membrane leaflet between endothelial cells ([Fig. 4](#F4){ref-type="fig"}) ([@B50]). This point is important because APOE4 produced in astrocytes leads to degradation of the tight junctions in the BBB, suggesting that in individuals with an *APOE4* allele, DHA-lysoPC transport into the brain is superior to free DHA transport. The specific transport of DHA-lysoPC into the brain *via* the MFSD2A transporter also appears to be critical for maintaining the integrity of the BBB, suggesting that DHA-lysoPC is even more important for *APOE4* carriers because they have disruption of tight junctions in the BBB and a decrease in cerebral vascularization ([@B70], [@B71]).

PHOSPHOLIPID DHA: A DIETARY BYPASS {#s9}
==================================

The reasons that carriers of the *APOE4* allele experience positive effects from dietary DHA intake but experience no benefits from DHA supplementation remain poorly understood. This difference in response most likely occurs because some of the DHA in fish and seafood is present in phospholipid form and maintains this form throughout its metabolic disposition. As such, it can be effectively transported across the BBB as DHA-lysoPC *via* the MFSD2A transporter ([Fig. 4](#F4){ref-type="fig"}). Fish contain ∼1.0--1.5% of their ω-3 fatty acids in phospholipids, whereas fish oil in supplements does not contain any DHA in phospholipid form. Fish roe, in particular, is one of the most concentrated sources of DHA in phospholipid form. The roe from salmon, herring, pollock, and flying fish contain ∼38--75% of their ω-3 fatty acids in phospholipid form, mostly present in phosphatidylcholine. Another rich source of DHA in phospholipid form is krill oil, which contains ∼35% of DHA in phospholipids ([@B72]). In contrast, formulations of fish oil supplements containing DHA are generally present as free fatty acids, ethyl esters, and, to a lesser extent, re-esterified triglyceride ([@B73]).

DHA is metabolized differently depending on whether it is in phospholipid form (*i.e.*, fish, fish roe, and krill oil), triglyceride form (*i.e.*, fish and some DHA supplements), free fatty acid form (*i.e.*, most DHA supplements), or ethyl ester form (*i.e.*, most DHA supplements) ([**Fig. 5**](#F5){ref-type="fig"}). A summary of the metabolism of DHA in these various forms provides a useful framework for understanding how DHA present in fish, fish roe, and krill oil may be especially important for delivering DHA-lysoPC into the brains of *APOE4* carriers.

![Metabolism of phospholipid DHA, ethyl ester DHA, and triglyceride DHA. *A*) DHA is present on the *sn*1 and -2 positions of phosphatidylcholine. Human PLA~2~, present in the intestines, cleaves DHA on the *sn*2 position, yielding lysophosphatidylcholine with DHA at the *sn1* position and free fatty acid DHA (free DHA). The *sn1* DHA-lysoPC is resecreted into HDL, forming DHA-lysoPC bound to albumin *via* the enzyme LCAT. The free fatty acid DHA is resecreted into both LDL and HDL. In LDL, it forms free DHA bound to albumin *via* the enzyme lipase; in HDL, it forms DHA-lysoPC bound to albumin *via* LCAT. *B*) DHA in ethyl ester form is broken down into free fatty acid DHA, which is resecreted into both HDL and LDL. The DHA present in LDL readily forms free DHA bound to albumin, whereas the DHA present in HDL readily forms DHA-lysoPC bound to albumin. *C*) DHA present in triglyceride form is located at the *sn2* position of the triacylglycerol. Human pancreatic lipase generally liberates fatty acids from the *sn1* or *-3* positions and leaves the *sn2* monoglyceride intact. The *sn2* monoglyceride is resecreted into both LDL and HDL, where it forms free DHA bound to albumin and DHA-lysoPC bound to albumin, respectively.](fj.201801412Rf5){#F5}

Metabolism of DHA in phospholipid form {#s10}
--------------------------------------

In phospholipids, fatty acids can be attached to the first and second carbons of the glycerol molecule, denoted as the nucleophilic substitution (*sn*)*1* and *sn2* positions, respectively. DHA can be attached at the *sn1* or -*2* position of the glycerol backbone. Most marine sources of fatty acids, such as fish and fish roe, have phosphatidylcholine with DHA at the *sn*2 position, with a small amount in the *sn1* position, with the exception of krill oil, which has a significant amount of phosphatidylcholine with DHA in the *sn*1 position ([@B74][@B75]--[@B76]). DHA at the *sn2* position in phospholipids can be broken down in the intestine by pancreatic phospholipase A~2~ (PLA~2~), which releases DHA as free fatty acids. In turn, DHA free fatty acids are resecreted in chylomicrons into both HDL and LDL ([@B77]). The pool of DHA that is resecreted into HDL readily forms DHA-lysoPC *via* the enzyme lecithin-cholesterol acyltransferase (LCAT), whereas the DHA that is resecreted into LDL readily forms free DHA bound to albumin *via* the enzyme lipase ([Fig. 5*A*](#F5){ref-type="fig"}) ([@B47], [@B78], [@B79]). Another enzyme that is present in the plasma that can form DHA-lysoPC is endothelial lipase, which exhibits PLA~1~ activity and is particularly abundant at the BBB ([@B78]). PLA~1~ catalyzes the hydrolysis of fatty acids to produce a free fatty acid and a lysophospholipid ([@B80]).

In contrast to DHA at the *sn2* position, DHA at the *sn*1 position on phospholipids escapes the action of pancreatic PLA~2~, thus allowing all of the DHA to be retained in phospholipid form and increasing the probability that DHA-lysoPC will be generated ([Fig. 5*A*](#F5){ref-type="fig"}) ([@B77], [@B81]). DHA in the *sn1* position of phospholipids is incorporated into phospholipids at a rate ∼5-fold higher than DHA in free fatty acid form after absorption. In addition, DHA in the *sn1* position of phospholipids accumulates in the HDL fraction by more than 2-fold ([@B77]). DHA-lysoPC derives from DHA present in phosphatidylcholine in HDL particles *via* the actions of LCAT, suggesting that all the DHA at the *sn1* position is likely to form DHA-lysoPC ([@B78]).

Together, these data suggest that DHA at the *sn2* position of phospholipids is metabolized to a free fatty acid DHA, which is then resecreted into both LDL and HDL particles. Only the DHA in HDL forms DHA-lysoPC, however ([Fig. 5*A*](#F5){ref-type="fig"}). The DHA in LDL forms free DHA; only a portion of the DHA at the *sn2* position of phospholipids forms DHA-lysoPC. In contrast, all of the DHA at the *sn1* position retains its phospholipid form and is incorporated into HDL particles, thus forming even more DHA-lysoPC ([Fig. 5*A*](#F5){ref-type="fig"}).

Metabolism of DHA in ethyl ester and triglyceride form {#s11}
------------------------------------------------------

In contrast to the DHA present in fish, fish roe, and krill oil, DHA from fish oil supplements is mostly present in the ethyl ester form, free fatty acid form, or, to a lesser extent, the re-esterified triglyceride form and is mostly broken down by pancreatic lipases in the intestines ([@B73]). In triglycerides, fatty acids can be attached to the first, second, or third carbons of the glycerol molecule, denoted as the *sn1*, *-2*, or *-3* positions, respectively. DHA can be attached at any of these positions on the glycerol backbone. DHA in ethyl ester form is broken down into free fatty acid DHA, which is resecreted in chylomicrons into both HDL and LDL ([Fig. 5*B*](#F5){ref-type="fig"}) ([@B77]). The DHA present in LDL readily forms free DHA, whereas the DHA present in HDL readily forms DHA-lysoPC ([Fig. 5*B*](#F5){ref-type="fig"}) ([@B47], [@B78], [@B79]). The DHA found in fish or fish oil supplements in triglyceride form is mostly located at the *sn2* position of the triacylglycerol ([Fig. 5*C*](#F5){ref-type="fig"}) ([@B82]). However, human pancreatic lipase generally liberates DHA from the *sn1* or *-3* positions and leaves the *sn2* monoglyceride intact ([@B83]). The *sn2* monoglyceride is resecreted in chylomicrons into both HDL and LDL ([Fig. 5*C*](#F5){ref-type="fig"}). DHA in triglyceride form from either fish or fish oil supplements accumulates in plasma phospholipids 4-fold higher than DHA in ethyl ester form ([@B73]).

These data suggest that DHA has a different metabolic fate, depending on whether it originates from phospholipids, ethyl esters, or triglycerides ([Fig. 5](#F5){ref-type="fig"}). Similar to DHA at the *sn2* position in phospholipids, the DHA in ethyl ester form is metabolized to free fatty acid DHA, which ultimately can form both DHA-lysoPC and free DHA bound to albumin. DHA present in triglyceride form is metabolized to *sn2* monoglyceride, is resecreted in chylomicrons into both HDL and LDL, and ultimately forms both DHA-lysoPC and free DHA bound to albumin. However, phospholipids also have DHA at the *sn1* position, where it retains its phospholipid form and only forms DHA-lysoPC, therefore making DHA in phospholipid form a better source of DHA-lysoPC ([Fig. 5](#F5){ref-type="fig"}). However, since DHA in both triglyceride and ethyl ester forms can generate DHA-lysoPC, it remains possible that a higher dose of DHA in those forms may markedly increase the DHA-lysoPC pool.

Plasma levels of DHA-lysoPC from DHA in phospholipid *vs.* triglyceride {#s12}
-----------------------------------------------------------------------

The metabolic disposition of DHA in the phospholipid form occurs more rapidly than that of the triglyceride form. For example, when humans consume DHA in phospholipid form, albumin-bound DHA-lysoPC appears in plasma faster than when they consume DHA in triglyceride form ([@B81], [@B84]). In addition, red blood cell quantities of DHA-lysoPC, a biomarker for brain DHA levels, increase ([@B49]). Individuals who received an oral dose of phospholipid DHA demonstrated higher DHA uptake in red blood cells compared with those given an oral dose of DHA in triglyceride form ([@B81], [@B84]). Humans who consume fish oil consisting of DHA in triglyceride form exhibit an increase in free DHA bound to albumin but a slower appearance of DHA-lysoPC 2 h later ([@B49], [@B84]). In addition, more DHA is delivered to the brain when it is consumed in phospholipid form than when it is consumed in triglyceride form. Rats that were fed radiolabeled DHA in phospholipid form exhibited 78% more DHA in the cerebellum, 140% more DHA in the hippocampus, and 69% more DHA in the remainder of the brain after 6 h compared with rats fed DHA in triglyceride form ([@B85]). Furthermore, oral DHA-lysoPC given to mice increased brain DHA levels 2-fold and improved spatial learning and memory, whereas free DHA did not ([@B86]). These data suggest that consuming DHA in phospholipid form (*i.e.*, fish, fish roe, krill oil) increases the formation of DHA-lysoPC in plasma, and more DHA is taken up by the brain compared with DHA consumed in triglyceride form (*i.e.*, DHA supplements, fish).

DISCUSSION {#s13}
==========

Based on several independent lines of evidence, I suggest that the reason individuals with an *APOE4* allele have improved cognitive function with fish intake but not with DHA supplementation is that fish contains DHA in phospholipid form, whereas supplements do not. This difference in form influences whether DHA is metabolized to plasma free DHA or a specific phospholipid form called DHA-lysoPC. I propose that *APOE4* carriers have impaired brain transport of free DHA but not DHA-lysoPC as a consequence of a breakdown in BBB integrity. This impaired transport puts them at an increased risk for AD caused by the accumulation of amyloid β plaques, tau tangles, and low brain glucose levels. Dietary sources that contain high amounts of DHA in phospholipid form may provide a means to increase plasma levels of DHA-lysoPC. Such an increase may allow *APOE4* carriers to bypass their defective transport of free DHA and effectively deliver DHA-lysoPC into their brains, thereby lowering their risk of AD.

This proposal is derived from the following observations: *1*) *APOE4* carriers have improved brain neuropathology and cognitive function with high dietary fish intake, but not with DHA supplementation; *2*) after DHA supplementation, humans and mice carrying the *APOE4* allele have decreased DHA transport into the brain, which progressively worsens with age; *3*) APOE4 in astrocytes inhibits occludin activation, which leads to degradation of the tight junctions, breakdown of the outer membrane leaflet of the BBB, and morphologic disturbances, including diminished cerebral vascularization, leading to BBB dysfunction; *4*) free DHA is highly diffusible across the BBB and is transported along the outer membrane leaflet of the BBB, but this process is disrupted by tight junction degradation caused by APOE4 produced in the brain; *5*) transport of DHA-lysoPC into the brain does not depend on tight junctions in the BBB, but instead is transported along the inner membrane leaflet *via* the MFSD2A transporter, which uses the electrochemical potential of sodium to transfer DHA-lysoPC into the brain; *6*) fish, fish roe, and krill oil contain DHA in phospholipid form to various extents, whereas DHA supplements contain DHA in triglyceride or ethyl ester form; *7*) more DHA in phospholipid form appears in the plasma as DHA-lysoPC compared with DHA in triglyceride form or ethyl ester form; and *8*) more DHA is taken up by the brain when DHA is consumed in phospholipid form compared with DHA consumed in triglyceride form.

All clinical trials to date that have evaluated the effect of DHA on cognitive function and brain morphology, separately or together, in patients with AD with an *APOE4* allele have used fish oil supplements, which do not contain DHA in phospholipid form. When DHA is consumed in phospholipid form (as from dietary fish or seafood) more DHA appears in the plasma as DHA-lysoPC, which may be better transported across the BBB of *APOE4* carriers. There is a pressing need for clinical trials evaluating the effects of ω-3 in phospholipid form, either from fish roe oil or krill oil, on cognitive function in *APOE4* carriers with AD.
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:   Alzheimer's disease

APOE

:   apolipoprotein E

BBB

:   blood-brain barrier

DHA

:   docosahexaenoic acid

DHA-lysoPC

:   lysophosphatidylcholine DHA

free DHA

:   nonesterified DHA
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:   glucose transporter
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:   lecithin-cholesterol acyltransferase
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:   major facilitator superfamily domain-containing protein 2A
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:   phospholipase A
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